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INTRODUCTION 
General 
Forest tree production is determined by the expression of physiological 
processes within specific environaental-genetic regimes. Identification of 
those environmental and genetic regimes that best meet the requirements for 
specific production goals for Scotch pine (Pinus sylvestris L.) is being 
accomplished by determining the variation in physiological processes under 
controlled-environment studies (Jensen and Gatherum, 196$, 1967; Dykstra 
and Gatherum, 1967; Gatherum, et , 1967; Gordon and Gatherum, 1968, 1969; 
Schultz, 1968). This controlled-environment study dealt with the relation­
ship of soil moisture suxd day temperature to photosynthesis, respiration, 
vegetative growth, distribution of assimilate, needle anatomy and plant water 
deficits of a Bulgarian provenance of Scotch pine. 
Variables 
Temperature and soil moisture are major environmental factors that 
affect the physiological processes of a plant. Interactions of these and 
other indirect factors, combined with the genetic variation within a seed­
ling, determine the type of organism that will be produced. 
Temperature indirectly affects practically every other factor that 
directly affects the physiological processes of growth. Day temperature, 
night temperature, mean daily temperature and thermoperiod affect photo­
synthesis, respiration, moisture absorption, height and diameter growth, 
needle length and a host of other processes (Kramer, 1957a, 1957b; Hellmers, 
1962, 1963» 1964, 1966a, 1966b; Mikola, 1962; Jensen and Gatherum, 1965; 
Larson, 1967; Slatyer, 1967). Within the individual plant cell are régulât-
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Ing mechanisms that control numerous chemical processes (Langridge, 1965; 
Bozhenko, 196$). These cells react to their own microenvironment, as well 
as to the macroenvironment shcired by many neighboring cells. The conditions 
of the environment, suid especially temperature, often determine the supply, 
translocation and utilization of metabolites. The production and use by the 
plant of the assimilatory products of metabolism determine the external 
growth expression of the total plant. 
Of equal importance is soil moisture availability which, through in­
ternal plant moisture conditions, directly affects cell turgor and indirectly 
affects physiological processes such as photosynthesis and respiration 
(Rutter and Sands, 1958; Sands and Rutter, 1958; Zahner, 1963» 1968; 
Kozlowski and Keller, 1966; Slatyer, 1967; Kozlowski, 1968; Dickson, 1968; 
Schultz, 1968; Smith, 1968; Kramer, 1969). Soil moisture-temperature inter­
actions markedly affect absorption of moisture and growth of roots. 
Plant water deficits are usually the result of an absorption lag de­
veloped under conditions of high transpiration at the leaf surfaces, and 
slow absorption through the roots. Plant water deficits are measured by two 
parameters, (1) actual water content and (2) the energy status of contained 
water, expressed as total water potential. The accuracy of estimating these 
two parameters depends on the correlation between those components actually 
measured and the two parameters (Barrs, 1968). At present, water content of 
a fully bydrated leaf is the only satisfactory niethod for measuring water 
content (Barrs, 1968). Water potential of the plant can be estimated by 
using a direct pressure measurement on a severed plant part (Scholander, 
al., 1965). However, this method does not measure each of the necessary 
components of the water potential (Boyer, 1967). Thus the problem remains 
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of finding a quick, efficient and accurate method for measuring water 
deficits. Obtaining reliable estimates is important because water deficits 
affect height growth, transpiration, dry weight and other physiological 
processes (Slatyer, 1967; Kramer, 1969). 
Conifer needles produce assimilates and contribute to wood formation 
in relation to their age, position on the tree and their photosynthetic 
efficiency (Larson, 1964). Photosynthetic efficiency of the needles de­
pends on the anatomical characteristics of those needles (Zelawski, 1967). 
Variability in leaf form and structure has been shown in relation to light, 
soil moisture and nutrition (Sands and Rutter, 1958, 1959; Zelawski and 
Niwinski, 1966; Dale, 1968; Zelawski, ^  , 1968). Variation has been 
found in cross-sectional area, needle length, mesophyll, endodermal and epi­
dermal cells as well as in resin ducts. Desiccation of needles has shown 
physical changes such as shrinkage, collapse and stretching of most of the 
cells (Parker, 1952). Variability thus occurs with age, position in tree 
and certain environmental characteristics, but more quantitative informa­
tion on the variation in characteristics as related to heredity and environ­
ment are needed (Kriebel and Fowler, 1965). 
Objectives 
The specific objectives of this study were: 1) to determine the effects 
of soil moisture over the range of available water, defined by tensions be­
tween 0.1 atmosphere and 15 atmospheres, on the dependent variables of gross 
emd net photosynthesis, dark respiration, vegetative growth, distribution of 
assimilate and needle anatomy; 2) to determine the effects of day tempera­
ture on the dependent variables; 5) to determine the extent of the soil 
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moisture by temperature interaction in relation to the dependent variables; 
4) to determine the relationship of plant water deficits to soil moisture 
and day temperature; 5) to determine the relationship of plant water deficits 
to the dependent variables. 
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METHODS AM) PROCEDURES 
This two factor study was set up as a split plot experiment in a ran­
domized complete block design. Within each of the four temperatures, rang­
ing from 15 to 30 degrees centigrade, five moisture levels, ranging from 0 
to 100 percent available moisture, were randomly assigned. Eight replica­
tions yielded a total of 160 observations. The study was subdivided into 
the treatment phase and laboratory analysis phase. 
Treatment Phase 
The treatment phase was conducted in the Percival, Model PT-80, growth 
chambers of the Department of Forestry in Bessey Hall, at Iowa State Univer­
sity. An average light intensity of 3000 foot-candles at the apical meri-
stem and a 16-hour photoperiod were used during growth periods (Gatherum, 
^ 1967; Jensen and Gatherum, 1965; Gordon and Gatherum, 1968). Rela­
tive humidities averaged 30 to 50 percent during the growth periods. 
Establishment and initial growth 
A Scotch pine seed source from the Rhodopes region (Balkans) of 
Bulgaria was used for the study (Schultz, 1968). The seed, from 42 degrees 
north latitude, 25 degrees east longitude and 1,220 meters elevation, was 
sown in crispers on white silica sand. 
Upon germination, three seedlings were transplanted in each of 160 
one-gallon pots. A soil mixture of 1/3 Clarion loaim, 1/3 sedge peat and 
1/3 sand was used as the potting medium. Fifty-one days after initial 
planting, all pots contained three seedlings. The first flush of growth, 
which lasted 194 days, was devoted to seedling establishment. During this 
period, no treatments were applied. Growing conditions consisted of a 
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26 degrees centigrade night temperature with a l6-hour photoperiod. Pots 
were watered at regular intervals, inoculated with mycorrhizal fungi and 
fertilized. 
A dormsint period of 33 days was begun. During this sind subsequent dor­
mant periods, chamber conditions consisted of 7 degrees centigrade day and 
3 degrees centigrade night temperatures with a 10-hour photoperiod. Water­
ing frequency also was reduced during these periods. 
After the 33-day dormant period, visible signs of hardening off were 
evident, and the second flush of growth was initiated. At this time, each 
pot was thinned to one seedling, the largest seedling with the best chance 
for survival. Until bud break occurred, all seedlings were treated alike. 
With the onset of bud break, the temperature and moisture treatments were 
imposed. After 99 days of growth and obvious signs of bud set and needle 
maturation, a second dormant period of 55 days was begun. No treatments 
were applied during the dormant period. 
The final growth period consisted of from 86 to 93 days, depending on 
the date of laboratory analysis. During the treatment growth periods- all 
pots were fertilized with equal quantities of nutrient solution. 
Thus the seedlings were grown under one flush of growth for establish­
ment and two flushes of growth under treatment. 
Soil moisture treatment 
The soil moisture treatment was gravimetrically controlled with a 
specific level representing a minimum soil moisture to which the potting 
medium was allowed to dry before being rewatered to saturation. 
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Determination of the treatment levels involved the development of a 
soil-water retention curve for the potting medium. A tension range of 10 
centimeters of H^O (O.I42 psi) to 15 atmospheres (220 psi) was applied to 
samples of the mixture by use of a Tempe cell with a fritted glass porous 
plate (Vomocil, 1965)» a pressure plate and a pressure membrane apparatus 
(Richards, 1965)• Prom this procedure, a soil moisture range of 8 to 22 
percent oven-dry weight, that corresponded to 0.1 to 15 atmospheres of 
pressure, was obtained. The 0.1 atmosphere of tension was used in place of 
the often used 0.33 atmosphere level because previous work with Scotch pine 
showed that the 0.33 atmosphere level did not produce the high moisture 
effects that might have been expected (Schultz, 1968). The soil moisture 
treatment levels were: 
Moisture Content (%) Available Moisture (%) 
22.0 100 
18.5 75 
15.0 50 
11.5 25 
8.0 0 
These values represented the minimum level to which the potting medium was 
allowed to dry. 
Individual pot treatment level weights were marked on each can, and 
daily weight loss was monitored. Upon reaching minimum soil moisture 
weight, the potting medium was saturated and left for smother drying cycle. 
During dormamt periods, the moisture treatment was not imposed, and all pots 
were watered every 12 to I4 days. After being removed from dormancy treat-
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ment, the aeedlinga were watered every two days until the onset of bud break 
when the moisture treatment again was imposed. 
Temperature treatment 
The temperature treatment was applied simultaneously with the soil 
moisture treatment. The dad.ly temperature treatment was divided into two 
portions, coinciding with the 16—hour-day photoperiod and the 8-hour-night 
dark period. Night temperatures were constant for all treatment levels at 
10 degrees centigrade while day temperatures ranged from 15 to 30 degrees 
centigrade. The temperature treatment levels were: 
Day Tem-p. °C Night Temp. °C Difference °C 
15 10 5 
20 10 10 
25 10 15 
30 10 20 
These temperatures were controlled to + 1 degree centigrade. 
During dormant periods the temperature treatment was discontinued. 
During these periods, a day temperature of 7 degrees centigrade and a night 
temperature of 3 degrees centigrade was used. Upon removal of dormancy con­
ditions, the day temperature was increased for all seedlings to 26 degrees 
centigrade for 16 hours and 15 degrees centigrade night temperature for 8 
hours. With the onset of bud break, the temperature treatments again were 
imposed. 
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Laboratory Analysis Phase 
The laboratory analysis phase was conducted at the end of the third 
flush of growth, just as the seedlings were beginning to set bud. The 
laboratory analysis consisted of measuring: photosynthesis and respiration, 
internal moisture conditions, and growth responses of the seedlings; and 
anatomical cell proportions of the needles of a predetermined subsample of 
seedlings. 
Each temperature treatment was analyzed as a block, and each pot within 
the treatment was analyzed at its minimum soil moisture level. Seedlings 
were placed in a dark chamber for 1 hour to allow plant-soil moisture equil­
ibrium, and then preconditioned for 10 minutes before the carbon dioxide 
exchange of photosynthesis and respiration was monitored. 
Carbon dioxide gas exchange was monitored while the seedlings were in 
a gas-tight controiled-environment chamber (Broerman, ^  , 1967), with 
a Beckman L/B Infrared Gas Analyzer, Model 215. Temperature in the chamber 
was kept at the appropriate temperature treatment level + 1 degree centi­
grade, and the light intensity for all seedlings was set at 3,000 foot-
candles. A measure of dark respiration was obtained by enclosing the cham­
ber in black photographic cloth. Dark respiration and net photosynthesis 
were summed to obtain an estimate of gross photosynthesis. 
After monitoring the carbon dioxide gas exchange, the internal moisture 
conditions of the plant were measured with a modified relative turgidity 
procedure proposed by Harms and McGregor (1962) and the pressure bomb method 
(Scholander, ^  al., 1965) for internal moisture stress. 
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Sections were removed from two fascicles for anatomical measurements. 
The needles used were taken from about 1 inch below the apical meristem 
amd from opposite sides of the stem. These needles seemed fully matured 
yet were least affected by mutual shading from other surrounding needles. 
Their metabolic contributions to the seedling should have been at a maximum. 
Sections from the center portion of these needles were removed and placed in 
Craff III killing and fixing reagent (Sass, I058). 
Fresh weights of plant parts were obtair c and the dry weight of the 
material was obtained by drying for 24 hours at 68 dsgrees centigrade. 
Height (root collar to tip of apical meristem) and diameter at root collar 
were obtained before carbon dioxide gas exchange was measured. 
The procedure used to prepare and observe the needle sections was 
assembled from various sources (Jensen, 1962; Sass, 1958). Craff III solu­
tion was recommended as a killing and fixing agent for Scotch pine by Sass 
(1958). The tissue was placed in this solution, vacuum infiltrated for 4 
hours, and left for a 1 week period. The tissue was prepared for paraffin 
(Tlssuemat) infiltration by dehydration with tertiary butyl alcohol. The 
Infiltrated tissue was sectioned into 11 micron sections by a rotary micro­
tome and affixed to slides with Haupt's solution. The tissue was stained 
with safranin and fast-green dye and permanently mounted with a cover slip 
for further observation. 
Ths subsample of needle sections consisted of all temperature treatment 
observations at the 100, ?0 and 0 percent minimum soil moisture levels. 
Sections were photographed on Ektachrome Type E film with a Zeiss Photomic­
roscope. The photographs were projected on a microfilm reader fitted with 
a dot grid constructed so that one dot sampled the smallest cell (25 dots 
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per 400 sq. mm.) (Lewis, 1964). Proportions of xyleo, phloem, transfusion 
tissue, nesophyll and resin ducts were obtained for each section (Figure 1). 
Data were subjected to analysis of variance and covariance. Partition­
ing of sum of squares for linear, quadratic and lack of fit were also carried 
out. 
Figure 1. Cross—section of the needle of Scotch pine seedlings grown under various regimes of day 
temperature and available soil moisture 
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RESULTS 
Photosynthesis and Respiration 
Day temperature 
Gross photosynthesis and dark respiration varied with an increase in 
day temperature (Table 1, Figures 2 and 3). Gross photosynthesis and dark 
respiration per seedling increased to 25° C and decreased with increasing 
day temperature to 30° C. Also dark respiration per gram dry weight of 
needles was significant. A constant increase with increasing temperature 
occurred for dark respiration per Rram dry weight of needles. Photosyn­
thesis for fresh weights of needles showed similar trends to needle dry weight. 
Soil moisture 
Photosynthesis and dark respiration per seedling and per gram dry weight 
of needles increased with an increase in available soil moisture (Table 1, 
Figures k and 5)• Gross and net photosynthesis per seedling increased from 
0 to 75 percent available soil moisture and leveled off between 75 and 100 
percent. Dark respiration per seedling increased lineairly over the whole 
range of available soil moisture. 
Gross and net photosynthesis per gran dry weight of needles also in­
creased linearly from 0 to 75 percent available soil moisture. Between 75 
and 100 percent a flattening trend occurred. Dark respiration per gran dry 
weight of needles increased linearly over the whole range of available soil 
moisture. Fresh weight of needle responses were similar to those of dry 
weight. 
Table 1. F values fYom analyaio of variance for photosynthesis and respiration variables of Scotch 
pine 
Day temperature Soil moisture 
- ______________________________ Temperature 
Dependent ' „ ^ . x 
Quad- Lack Quad- Lack _ . . 
Total Linear ratic of fit Total Linear dratic of fit moisture 
3 d.f. (1 d.f.)(l d.f.) (1 d.f.) k d.f. (1 d.f.) (1 d.f.)(2 d.f.) 12 d.f. 
Gross photo­
synthesis 5.05** 8.06** 6.73* 0.57 49.52** 168.42** 5.62* 24.04** I.80 
/seedling/hr. 
Net photo­
synthesis 2.42 1.52 5.69* 0.04 49.55** 190.10»* 2.53 5.59** 1.74 
/seedling/hr. 
Dark respira-
tion/aeedliig/ 14.83** 33.54** 5.64* 5.30* 27.06** 106.08** 1.59 0.59 2.09* 
hr. 
Gross photo­
synthesis 
/gm.d.wt. 
needles/hr. 
1.90 3.40 0.71 1.59 48.71** 187.00** 0.83 7.01** 1.07 
Net photo-
synthesis/gm. 1.06 0.12 0.59 2.45 49.93** 189.16** 1.85 8.75** I.I8 
d .wt. needles/hr. 
Dark respira-
tion/gm.d.wt. 20.17** 59.72** 0,55 0.05 14.73** 57.15** 0.55 1.03 1.52 
needles/hr. 
*Significant at 5% probability level. 
**Significant at 1% probability level. 
Figure 2. Gross photosynthesis ami dark respiration per seedling of Scotch 
pine in relation to day temperature 
Figure 3« Dark respiration per gram dry weight needles of Scotch pine in re­
lation to day temperature 
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Figure 4. Gross photosynthesis, net photosynthesis and dark respiration per 
seedling of Scotch pine in relation to minimum soil moisture 
level. Available moisture is that moisture held in the soil be­
tween 0,1 and 15 atmospheres tension 
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Figure 5. Gross photosynthesis, net photosynthesis and dark respiration per 
gram dry weight needles of Scotch pine in relation to minimum 
soil moisture level 
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By using internal moisture stress as a covariate dark respiration per 
seedling and per gram dry weight of needles no longer varied as available 
soil moisture changed. 
Growth and Distribution of Assimilate 
Day temperature 
Growth varied with increasing day temperature (Table 2, Figure 6). Dry 
weights of needles, roots, stem and total seedling increased with increasing 
day temperature to 25° C, Dry weights decreased with a further increase in 
temperature to 30° C. Stem height and stem diameter did not vary with in­
creasing day temperature (Table 2). Distribution of assimilate, as produc­
tion of needles, stem and roots, also did not vary with day temperature. 
Fresh weights of the plant parts followed similar trends. 
Soil moisture 
Growth increased with increasing available soil moisture (Table 2, 
Figure 7). Dry weight of needles increased as available soil moisture vas 
increased to 75 percent. Above 75 percent available soil moisture the rate 
of increase in dry weight was reduced. Dry weight of roots showed a maximum 
response between 0 and 50 percent available soil moisture. With increasing 
available soil moisture, stem dry weight increased at a constant but reduced 
rats. Total dry weight showed a maximuc increase to 25 percent available 
moisture and continued to increase with continued increasing moisture. Stem 
height and stem diameter increased with increasing available soil moisture 
(Table 2, Figure 8). Maximum responses for both variables occurred over 
the 0 to 25 percent portion of the soil moisture range. Distribution of 
Table 2. F values fr-ora analysis of variance for growth variables of Scotch pine 
Day temperature Soil moisture Texture 
Dependent 
variable 
Total 
5 d.f. 
Linear 
(1 d.f.) 
Quad- Lack 
ratic of fit Total 
(1 d.f.)(l d.f.) 4 d.f. 
Linear 
(1 d.f.) 
Quad- Lack 
ratic of fit 
(1 d.f.)(2 d.f.) 
X 
moisture 
12 d.f. 
Stem ht. 1.55 10.03** 1.32 0.08 21.70** 73.89** 10.lO»» 2.82 0.66 
Stem dia. 2.15 0,00 0,80 7.20«* 22.50** 114.30*» 20.60** 4.40* 1.98 
Dry wt. top 4.82** 1.05 8.24** 5.1&» 26.38*^ 88.00** 15.81** 1.70 1.26 
Dry wt, stem 3.74* 0.07 6.92** 4.23* 13.88»» 40.92*^ 10.23** 4.41* 1.50 
Dry wt. needles 5.05»» 1.52 8.20^^ 5.36* 28.13** 95.54** 16.08** 0.89 1.29 
Dry wt, roots 5.04** 2.50 11.24** 1.38 20.36** 70.89** 9.25** 1.30 1.64 
Dry wt, total 4.79** 0.03 10.21*^ 4.12* 26,22** 88.72** 14.60** 1.55 1.45 
•Significant at 3% probability level. 
••Significant afc 1% probability Idvel. 
Figure 6. Dry weight of Scotch pine seedlings, stems, needles, and roots 
in relation to day temperature 
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Figure 7. Dry weight of Scotch pine seedlings, stems, needles and roots in 
relation to oininum soil noisture level 
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Figure 8. Stem height and sten diameter of Scotch pine in relation to mini­
mum soil moisture level 
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assimilate showed no variation across the soil moisture range. Fresh wei&ht 
responses were similar to those of dry weights. 
Needle Anatomy 
Whole needle 
Day temperature 
Absolute cross-sectional area of the needle did not vary with increasing 
day temperature (Table 3). 
Soil moisture 
Absolute cross-sectional area of the needle increased with increasing 
available soil moisture (Table 3» Figure 9). A rapid increase in area occurred 
as available soil moisture increased from 0 to 50 percent. No further in­
crease in area was noted with increasing available soil moisture from 50 to 
100 percent. 
Number of resin ducts 
Pay temperature 
Number of resin ducts per cross-sectional area of needles increased as 
day temperature was increased from 15 to 30 degrees centigrade (Table 4, 
Figure 11). 
Soil moisture 
The number of resin ducts per cross—sectional area of needles also in­
creased as available soil moisture was increased from 0 to 100 percent 
(Table 4, Figure 12). 
By using relative turgidity as a covariate, responses due to soil mois­
ture changes for the number of resin ducts per cross-sectional area of needle 
no longer occurred. 
Table 3. F value» from analysis of variance for needle cross-sectional area variables of 
Scotch pine 
Day temperature Soil moisture Temperature 
Cross-sectional _______________________ _ 
area — square 
millimeters Total 
3 d.f. 
Quad-
Linear ratic 
(1 d.f.) (1 d.f.) 
Lack 
of fit 
(1 d.f.) 
Total 
2 d.f. 
Linear 
(1 d.f.) 
Lack 
of fit 
(1 d.f.) 
X. 
moisture 
6 d.f. 
Whole needle 0.79 2.25 0.16 0.04 12.38** 18.67** 5.96* 0.94 
Center core 0.72 0.91 1.23 0.02 25.71** 40.39** 11.04** 0.73 
Total resin ducts 2.31 5.23* 0.00 1.69 11.04** 16.75** 5.34* 1.40 
Resin duct channels 1.26 0.25 3.07 0.60 7.23** 12.58** 1.91 2.03 
Resin duct 
sclerenchyma 3.48* 8.36** 0.14 1.97 11.26** 16.62** 5.95* 1.21 
Vascular bundle 2.33 6.51* 0.47 0.09 14.05** 21.20** 6.87* 1.11 
Xylem 2.07 4.58* 0.93 1.09 16.07** 26.41** 5.76* 1.90 
Phloem 2.96^ 8.91** 0.02 1.63 10.58** 13.05** 8.13** 0.68 
•Significant at 5% probability level. 
••Significant at 1% probability level. 
Figure 9* Cross-sectional area of the needle of Scotch pine seedlings 
in relation to minimum soil moisture level 
Figure 10. Cross-sectional area of the center core, total resin ducts, 
resin duct cainals and sclerenchyna of the needle of Scotch pine 
seedlings In relation to minimum soil moisture level 
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Table 4. F values from analysis of vaj«iance for cross-sectional needle anatomical variables 
of Scotch pine 
Day temperatiu.*e Soil moisture Temperature 
Dependent Quad.. Lack Lack X 
variables Total Linear ratio of fit Total Linear of fit moisture 
3 d. f .  (1 d.f.) (1 d . f . )  a d.f.) 2 d.f. (1 d.f.) (1 d.f.) 6 d. f .  
% photosynthotic 
tissue 30.49** 83.32** 4.%9* 3.56 25.42** 49.66** 1.19 2.23* 
Number of 
stomates 6.2$** 18.52** 0.08 0.07 30.59** 54.73** 6.44* 1.75 
Number of 
resin ducts 13.70** 39.34** 0.53 1.24 3.70* 6.81* 0.59 1,53 
•Significant at 3% probability levol. 
••Significant at 1% probability level. 
Figure 11. Number of stomates and resin ducts per cross-sectional area of the 
needle of Scotch pine seedlings in relation to day temperature 
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Figure 12. Number of stomates and resin ducts per cross-sectional area of 
the needle of Scotch pine seedlings in relation to m-i ni nnm 
moisture level 
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Total rosin duct 
Day temperature 
Absolute cross-sectional area of the total resin ducts did not vary 
significantly over the day temperature range (Table 5). However, relative 
cross-sectional area of the total resin ducts increased with an increase in 
day temperature (Table 5» Figure 14). Cross-sectional area of the total 
resin ducts as a percent of the needle cross-sectional area, increased slowly 
between 15 and 20 degrees, increased rapidly between 20 and 25 degrees and 
again increased slowly between 25 and 30 degrees. Mean cross-sectional area 
per resin duct, expressed as a percent of the cross-sectional area of the 
needle, did not vary with increasing day temperature (Table 5). 
Soil moisture 
Absolute cross-sectional area of the total resin ducts, per needle, in­
creased with increasing available soil aoisture (Table 3, Figure 10). An 
increase occurred between 0 to 50 percent followed by a leveling off between 
50 to 100 percent available soil moisture. Mean cross-sectional area per 
resin duct, expressed as a percent of the cross-sectional area of the needle 
did not vary over the available soil moisture range (Table 5). 
Internal noisture stress and relative turgidity were used as covariates 
in the analysis of resin duct responses. By using internal moisture stress 
as a covariate, the absolute cross-sectional area of the total resin ducts 
per needle did not vary with changing available soil moisture. By using 
relative turgidity as a covariate the soil moisture responses for absolute 
cross-sectional area of the total resin ducts canals per needle, the cross-
sectional area of the total resin ducts sclerenchyna as a percent of the 
needle cross-sectional area and the mean resin duct sclerenchyma as a percent 
Table 5» F values from analysis of variance for percent distribution of needle resin duct variables 
as a percentage of the cross-sectional area of the needle of Scotch pine 
Day temperature Soil moisture Temperature 
Percentage of cross-
sectional area Total 
3 d.f. 
Linear 
(1 d.f.) 
Quad­
ratic 
(1 d.f.) 
Lack 
of fit 
(1 d.f.) 
Total 
2 d.f. 
Linear 
(1 d.f.) 
Lack 
of fit 
(1 d.f.) 
X 
moisture 
6 d.f. 
Total resin ducts 14.53** 38.38** 0.00 5.21» 2.82 5.53* 0.11 2.44* 
Mean resin duct 1.74 3.89 0.00 1.23 1.94 2.70 1.17 0.78 
Total resin duct channels 2.05 0.45 4.25* 1.46 1.35 2.40 0.29 2.25* 
Mean resin duct channel 13.92** 35.08** 6.40* 0.28 2.63 2.97 2.30 0.28 
Total resin duct 
sclerenchyma 20.54** 53.89** 0.26 7.37* 3.10* 6.11* 0.10 2.08 
Mean resin duct 
sclerenchyma 0.95 1.23 0.14 1.48 1.12 2.15 0.08 0.52 
•Significant at 5% probability level. 
••Significant at 1% probability level. 
Figure 15. Center core cross-sectional area as a percent of the cross-
sectional area of the needle of Scotch pine seedlings in relation 
to day temperature 
Figure ll|.. Total resin ducts, resin ducts sclerenchyna and vascular bundle 
cross-sectional areas as percents of the cross-sectional area of 
the needle of Scotch pine seedlings in relation to day temperature 
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of the cross-sectional area of the total ducts, were no longer significant. 
These latter variables will be discussed shortly. 
An interaction between day temperature and soil moisture for the cross-
sectional area of the total resin ducts as a percent of the needle cross-
sectional area occurred at the low day temperature and low available soil 
moisture combinations. Combination means at 15 degrees for 0 and 100 percent 
available soil moisture were lower than at any other treatment combination 
mean. A high combination mean also occurred at 15 degrees for the 0 percent 
available soil moisture. 
Resin duct canals 
Day tegperature 
Absolute cross-sectional area of the total resin ducts canals, per 
needle, did not vary with increasing day temperature (Table 5)• 
Percent of the total resin ducts per needle that were canals, varied 
with increasing day temperature (Table 6, Figure 16). The percent of the 
total resin ducts per needle that were canals decreased at day temperatures 
between 15 and 25 degrees and increased slightly between 25 and 50 degrees. 
Mean cross-sectional area per resin duct canal, expressed as a percent of the 
total ducts per needle, decreased with increasing day temperature (Table 6, 
Figure 17). A linear decrease occurred between 15 and 25 degrees with a 
leveling trend between 25 and 5Ù degrees. 
Cross-sectional area of the total resin ducts canals as percent of the 
needle cross-sectional area did not vary with increasing day temperature 
(Table 5). However, mean cross-sectional area per resin duct canal as a per­
cent of the cross-sectional area of the needle, increased with increasing day 
Table 6. F values from analysis of variance for distribution of resin duct variables as a 
percentage of the cross-sectional area of the total resin ducts of the needle of 
Scotch pine 
Day temperature Soil moisture Temperature 
Percentage of 
cross-sectional 
area 
Total 
5 d.f. 
Linear 
(1 d.f.) 
Quad- Lack 
ratic of fit 
(1 d.f.) (1 d.f.) 
Total 
2 d.f. 
Linear 
(1 d.f.) 
Lack 
of fit 
(1 d.f.) 
X 
moisture 
6 d.f. 
Total resin duct 
channels 15.13*^ 33.71** 11.56^^ 0.13 0.83 0.18 1.47 0.54 
Mean resin duct 
channel 23.49** 64.55** 5.21^ 0.72 5.18** 9.41** 0.95 1.27 
Total resin duct 
sclerenchyraa 15.45*» 32.47** 7.28*» 0.62 0.94 0.05 1.83 0.63 
Mean resin duct 
sclerenchyma 9.05** 25.58«* 0.04 1.53 4.67^ 9.24** 0.09 2.56 
•Significant at 5% probability level. 
••Significant at 1% probability level. 
Figure 15. 
Figure 16. 
Mean resin duct canal cross-sectional area as a percent of the 
cross-sectional area of the needle of Scotch pine seedlings in 
relation to day temperature 
Total resin duct canail and sclerenchysa cross-sectional areas per 
needle as percents of the total resin duct cross—sectional area 
per needle of Scotch pine seedlings in relation to day temperature 
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Figure 17* Mean resin duct canal and sclerenchyma cross-sectional area as a 
percent of the total resin ducts cross-sectional area per needle 
of Scotch pine seedlings in relation to day tmperature 
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temperature (Table 5» Figure 15). A moderate Increase occurred between 15 
and 25 degrees with a steeper increase between 25 and 50 degrees. 
Soil moisture 
Absolute cross—sectional area cf the total resin duct canals per needle 
increased as available soil moisture was increased from 0 to 100 percent 
(Table 3» Figure 10). The rate of increase was rapid between 0 to 50 percent 
and slowed as available soil moisture was increased to 100 percent. Of the 
variables used to express variation in percent distribution of the resin duct 
canals only mean cross-sectional area per resin duct canal as a percent of 
the total ducts per needle varied as available soil moisture increased 
(Table 6, Figure l8). The response in this case decreased as available soil 
moisture increased from 0 to 100 percent. 
An interaction between day temperature and soil moisture for the cross-
sectional area of the total resin ducts canals expressed as a percent of the 
needle cross-sectional area occurred at the low available soil moisture level 
of 0 percent. No variation in treatment combination means occurred over the 
whole temperature range. 
Resin duct sclerenchyma 
Day temperature 
Absolute cross-sectional area of the total resin ducts sclerenchyma per 
needle increased with increasing day tenperature (Table 5» Figure 20). The 
major increase occurred between 20 and 25 degrees centigrade. 
Percent of the total resin ducts per needle that were sclerenchyma in­
creased with increasing day temperature (Table 6, Figure 16). A constant 
increase occurred between 15 and 25 degrees which leveled off as day 
Figure 18. Mean resin duct canal and sclerenchyma cross-sectional areas as 
percents of the total resin ducts cross-sectional area per 
needle of Scotch pine seedlings in relation to minimum soil mois­
ture level 
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Figure 19» Cross-sectional area of the phloem of the needle of Scotch pine 
seedlings in relation to day temperature 
Figure 20. Cross-sectional area of the total resin ducts sclerenchyoa per 
needle of Scotch pine seedlings in relation to day temperature 
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temperature was further Increased to .30 decrees. Mean cross-sectional area 
of the rosin duct sclerenchyna as a percent of the total ducts per needle 
decreased rapidly between 15 and 25 degrees and decreased more slowly as 
day temperature was increased to 50 degrees centigrade (Table 6, Figure 17). 
Percent of the needle cross-sectional area that was resin ducts scleren­
chyna increased with increasing day temperature (Table 5» Figure 14). A 
moderate increase was noted between 15 and 20 degrees and again between 25 
and 30 degrees with the steepest increase occurring between 20 and 25 decrees. 
Mean resin duct sclerenchyma cross-sectional area as a percent of the total 
needle did not vary significantly over the day temperature range (Table 5). 
Soil moisture 
Absolute cross-sectional area of the resin duct sclerenchyma increased 
with increasing available soil moisture (Table 3» Figure 10), A rapid in­
crease between 0 and 50 percent available soil moisture was followed by a 
leveling off between 50 and 100 percent. Mean resin duct sclerenchyma cross-
sectional area as a percent of the total ducts per needle decreased at a 
constauit rate with increasing available soil moisture (Table 6, Figure 18). 
Percent of the needle cross-sectional area that was resin ducts scleren­
chyma increased constantly as available soil moisture was increased (Table 5» 
Figure 22), 
The interaction between da^' temperature and soil moisture for the cross-
sectional area of the mean resin duct sclerenchyma per duct as a percent of 
the needle cross-sectional area occurred at the higher day temperatures. 
Treatment combination means varied proportionately at 15 and 25 degrees then 
increased to a common value at 25 degrees and decreased to an almost common 
value as day temperature was increased to 30 degrees. By using whole needle 
Figure 21. Center core cross-sectional area as a percent of the cross-
sectional area of the needle of Scotch pine in relation to taini-
muffl soil moisture level 
Figure 22. Total resin duct sclerenchyma and vascular bundle cross-sectional 
areas as percents of the cross-sectional area of the needle of 
Scotch pine in relation to mininnm soil moisture level 
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cross-sectional area as a covariate the interaction and the soil noisture 
treatment effect were no longer slcnificant. At 25 and 30 degrees all sizes 
of needles had the same percentage of resin duct sclerenchyma per individual 
duct. 
Center core 
Day temperature 
Absolute cross-sectional area of the center core did not vary with in­
creasing day temperature (Table 5)• Center core cross-sectional area, ex­
pressed as a percent of the needle cross-sectional area, increased with in­
creasing day temperature (Table 7» Figure 13). A rapid increase occurred 
between 15 and 25 degrees and then leveled off between 25 and 30 degrees. 
Soil moisture 
Absolute cross-sectional area of the center core per needle, increased 
with increasing available soil moisture (Table 5» Figure 10), A rapid in­
crease between 0 and 50 percent available soil moisture was followed by 
leveling off as available soil moisture was increased to 100 percent. Center 
core cross-sectional area, expressed as a percent of the needle cross-sectional 
area, increased constantly over the whole available soil moisture range (Table 
7, Figure 21), 
An interaction between day temperature and soil moisture for the cross-
sectional area of the core, expressed as a percent of the needle cross-
sectional area occurred at a day temperature of 25 and 30 degrees centigrade 
and a 50 percent available soil moisture level combination. At the other 
moisture level combinations with 25 degrees the treatment combination means 
increased and then decreased with an increase in temperature to 30 degrees. 
Table 7. F values from analysis of variance for percent distribution of needle center 
core variables of Scotch pine 
Day température Soil moisture Temperature 
Percentages of Quad- Lack Lack x 
cro6s»sectional Total Linear ratic of fit Total Linear of fit Moisture 
area ? d.f. (1 d«f.) (1 d.f.) (1 d.f.) 2 d.f, (1 d.f.) (1 d.f.) 6 d.f. 
Center core 
% total needle 27.35** 72.14** 8.66** 1.25 33.92** 66.23** 1.61 2.36* 
Vascular bundle 
% center core 4.18** 9.66** 1.04 1.83 1.67 3.26 0.09 0.88 
Vascular bundle 
% total needle 16.41** 45.24** 0,52 3.47 4.17* 8.12** 0.21 1.74 
Xylem 
% vascular bundle 3.87* 5.16* 4.24* 2.22 8.22** 16.41** 0.03 3.89** 
Xylem 
% center core 2.30 2.05 0.37 4.49* 0.74 1.32 0.16 3.87** 
Xylem 
% total needle 9.57** 22.03** 1.90 4.78* 9.87** 19.71** 0.03 4.52** 
Phloem 
% vascular bundle 3.88* 5.14* 4.30* 2.18 8.18** 16.34** 0.03 3.88** 
Phloem 
% center core 5.07** 11.77** 3.29 0.16 6.03** 12.06** 0.01 0.24 
Phloem 
% total needle 23.79** 70.76** 0.03 0.58 0.68 0.60 0.76 0.59 
*Signlflcant at 5% probability level. 
**Signiflcf\nt at 1% probability level. 
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For tho 50 percent moisture level the combination mean decreased at 25 de­
grees and increased at 30 degrees. 
Vascular bundle 
Day temperature 
Absolute cross-sectional area of the vascular bundles, per needle, did 
not vary vri.th increasing day temperature (Table 3)• 
The percent of the center core cross-sectional area that was vascular 
bundles decreased from 15 to 20 decrees then increased as day temperature 
was increased from 20 to 50 decrees centigrade (Table 7» Figure 25). Like­
wise, the percent of the needle cross-sectional area that was vascular bundle 
increased constantly with increasing day temperature (Table 7, Figure I4). 
By using relative turgidity as a covariate the responses due to day 
temperature for absolute cross-sectional areas of vascular bundle and the 
j^lem per needle and the cross-sectional area of the xylem as a percent of 
the center core cross-sectional area, became significant. Xylem will be dis­
cussed shortly. 
Soil moisture 
Absolute cross-sectional area of the vascular bundles per needle, in­
creased with increasing available soil moisture (Table 5» Figure 25). A 
steep increase between 0 and 50 percent was followed by a leveling off be­
tween 50 and 100 percent. 
Vascular bundle cross—sectional area as a percent of the center core 
cross-sectional area did not vary with increasing available soil moisture 
(Table ?). As a percent of the needle cross—sectional area, however, a con­
stant increase occurred over the soil moisture range (Table 7, Figure 22). 
Figure 23. Vascular bundle and phloen cross-sectional areas as percents of 
the cross-sectional area of the center core of a needle of Scotch 
pine seedlings in relation to day temperature 
Figure 24. Phloem cross-sectional area as a percent of the center core 
cross-sectional area of a needle of Scotch pine seedlings in re­
lation to mi ni mm soil moisture level 
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Figure 25. Cross-sectional area of the vascular bundle, phloen and xylem of 
a needle of Scotch pine seedlings in relation to minimum soil 
moisture level 
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Relative turbidity and internal noisture stress were again used as co-
variates in analysis of the responses of the vascular bundle and its parts to 
changing available soil noisture. By using relative turgidity as a covariate, 
the cross-sectional areas of the vascular bundle and xylem per needle as per-
cents of the cross-sectional area of the center core did vary in response 
to soil moisture changes. In addition, by using relative turgidity as a co­
variate, the cross-sectional areas of the vascular bundle and xylea per needle 
as percentG of the needle cross-sectional area and the cross-sectional areas 
of the phloen and xylea per needle as percents of the cross-sectional area of 
the vascular bundle no longer varied. Internal moisture stress as a covariate 
affected the cross-sectional area of the vascular bundle and xylem, per needle, 
as percents of the needle cross-sectional area in the same way as relative 
turgidity, Xylem and phloem are presented shortly. 
Xylem 
Day temperature 
Absolute cross-sectional area cf the xylea did not vary with increasing 
day temperature (Table 5)• 
Percent of the vascular bundle cross-sectional area that was xylea 
varied with increasing day temperature (Table 7, Figure 26). A decrease be­
tween 15 and 20 degrees, followed by an increase between 20 and 25 degrees 
was finally followed by a rapid decrease between 25 and 30 degrees. 
Percent of the center core cross-sectional area that was xylem did not 
vary over the day temperature range (Table 7), However, the percent of the 
needle cross-sectional area that was xylea varied with increasing day tecper-
ature (Table 7, Figure 28). An increase occurred between 15 and 25 degrees 
followed by a decrease between 25 and 50 degrees. 
Figure 26. Phloem and xylen cross-sectional areas as percents of the vascular 
bundle cross-sectional area of a needle of Scotch pine seedlings 
in relation to day temperature 
PERCENT OF VASCULAR BUNDLE CROSS SECTIONAL AREA PER NEEDLE 
O 
m 
CD t:> 
zxj 3=» 
CO —H 
m 
m 4) 
m 
—I 
3:» 
en —H 
o m 
Figure 27. Xylen cross-sectional area as a percent of the cross-sectional 
area of the needle of Scotch pine seedlings in relation to mini-
num soil moisture level 
Figure 28. Phloem and xylem cross-sectional area as percents of the cross-
sectional area of the needle of Scotch pine seedlings in relation 
to day temperature 
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Soil moisture 
Absolute cross—sectional area of the xylem increased with increasing 
available soil moisture (Table 3* Figure 25). A steep increase between 0 to 
50 percent was followed by a reduced increase between 50 and 100 percent. 
Percent of vasculsir bundle cross-sectional area that was xylen increased 
sharply as available soil moisture was increased (Table 7, Figure 29). Per­
cent of the center core cross-sectional area that was xylem did not vary with 
available soil moisture (Table 7). 
The percent of the needle cross-sectional area that was xylem increased 
sharply with increasing available soil moisture (Table 7» Figure 27). 
Interactions between day temperature and available soil moisture occurred 
for the xylem and phloem variables. The interactions for xylem and phloem 
variables occurred at the hljh temperature and low moisture treatment combin­
ations. In each case the effect was to produce an extremely low treatment 
combination mean when the day temperature was 30 degrees centigrade and the 
available soil moisture level was at 0 percent. Phloem response is presented 
next. 
Phloem 
Day tem-perature 
Absolute cross-sectional area of the phloem increased constantly with 
increasing day temperature (Table 5» Figure 19). 
Percent of the vascular bundle cross-sectional area that was phloem 
varied with day temperature (Table 7» Figure 26). A slight increase between 
15 and 20 degXMS was followed by a decrease between 25 and 50 degrees. 
Percent of the center core that was phloem increased sharply with in­
crease in day temperature (Table 7» Figure 28). 
Figure 29. Phloem and xylem cross-sectional areas as percents of the cross-
sectional area of the vascular bundles of the needle of Scotch 
pine seedlings in relation to soil moisture level 
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Soil poisture 
Absolute cross-sectional area of the phloem varied with increasing 
available soil moisture (Table 5» Figure 25). A steep increase between 0 
to 50 percent was followed by a decrease between 50 and 100 percent. 
Percent of the vascular bundle cross-sectional area that was phloem 
decreased sharply with increasing available soil moisture (Table 7» Figure 
24). However, percent of the total needle cross-sectional area that was 
phloem did not vary with available soil moisture (Table 7). 
Percent photosynthetic tissue 
Day temperature 
Percent of photosynthetic tissue, needle mesophyll, per needle decreased 
with increasing day temperature (Table 4* Figure 30). A steep decrease 
occurred between 15 and 25 degrees. A sharp leveling off followed as the 
temperature was increased further to 50 degrees. 
Soil moisture 
Percent of photosynthctic tissue per needle decreased sharply as avail­
able soil moisture was increased (Table k» Figure 31). 
An interaction between day temperature and soil moisture for percent 
photosynthetic tissue per needle occurred at the 30 degree day temperature 
and 50 percent available soil moisture combination. For each soil moisture 
level an almost linear- decrease in percent photosynthetic tissus occurred 
with an increase in day temperature to 25 degrees. Between 25 and 30 degrees 
the treatment combination means, for 0 and 100 percent, increased. However, 
at the 50 percent available soil moisture level the linear decrease in per­
cent photosynthetic tissue continued. Using whole needle cross-secticnal area 
and relative turgidity as covariates the interaction no longer was significant. 
Figure 50. Percent photosynthetic tissue of the cross-sectional area of the 
needle of Scotch pine seedlings in relation to day temperature 
Figure 31. Percent photosynthetic tissue of the cross-sectional area of the 
needle of Scotch pine seedlings in relation to mininum soil 
moisture level 
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Number of stomates 
Day temperature 
The number of stomates per cross—section increased as day temperature 
was increased (Table 4, Figure 11). The increase was constant as day temper­
ature was increased from 15 to 30 degrees centigrade. 
Soil moisture 
The number of stomates per cross-section increased Tri.th an increase in 
available soil moisture (Table 4, Figure 12). The maximum increase occurred 
between 0 and 50 percent available soil moisture, 
Water Deficits 
Day temperature 
Water deficits varied with day temperature (Table 3, Fignire 52). Rela­
tive turgidity decreased sharply as day temperature increased to 25° C then 
increased aa temperature was further increased to 50° C. 
Soil moisture 
Water deficits decreased with increasing available soil moisture 
(Tabic 3, Firrure 33). Relative turridity increased constantly with increas­
ing; available soil moisture. Internal moisture stress decreased constantly 
as soil moisture increased. 
Relative turbidity and internal moisture stress were closely related 
(Fi^iure 34). The linear regression equation for the data was Y = (-0.6446) 
(X) + 65.09 and the correlation coefficient was -0.3004. 
Relative turnidity and internal moisture stress were used as covariates 
in the analysis of the responses of these variables to day temperature and 
Table 8. F values from analysis of variance for water deficit variables of Scotch pine 
Dependent 
variable 
Day temperature Soil moisture Temperature 
Total 
? d.f. 
Quad-
Linear ratio 
(1 d.f.) fl d.f.) 
Lack 
of fit 
(1 d.f.) 
Total 
4 d.f. 
Quad-
Linear ratic 
(1 d.f.) (1 d.f.) 
Lack 
of fit 
(2 d.f.) 
X 
moisture 
12 d.f. 
Relative 
turgidity 11.39^* 6.75* 30.17** 116.75** 1.94 2.00 0.59 
Internal 
moisture stress 6,.03»^ 2.49 14.39** 0.04 74.21^^ 290.62^^ 6.03* 0.18 1.60 
•Significant at probability level, 
••Significant at 1% probability level. 
Figure 52. Water deficits as relative turbidity and internal moisture stress 
of Scotch pine seedlings in relation to day temperature 
78 
10.2 C 
9.8 
9.4 z 
#9.0 
DAY TEMPERATURE-DEGREES CENTIGRADE 
Figure 53» Water deficits as relative turgidity and internal moisture stress 
of Scotch pine seedlings in relation to minimum soil moisture 
level 
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Figure 34. The relationship between relative turgldity and internal aoisture 
stress of Scotch pine seedlings 
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available soil noisture. Relative turgidity did not vary with channinç 
available soil noisture when internal moisture stress was used as a co-
vaï-late. 
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DISCUSSION 
Physiological processes underlying production of Scotch pine seedlings 
vary among day temperature and soil moisture regimes. Variation was observed 
in rates and magnitudes of these physiological processes and in the treatment 
levels at which maximum responses occurred. 
Day temperature and soil moisture indirectly affect physiological proc­
esses through their influence on plant water deficits. These water deficits 
affect the seedlings in a variety of ways. Water deficits, in the form of 
cell turgor, affect the closure of stomates which in turn decreases the supply 
of COg at the photosynthetic site. Water potential affects photosynthetic 
capacity of the protoplasm of the mesophyll. In addition, water deficits 
can reduce the translocation of photosynthates and growth regulators. Thus 
the reduced rates in photosynthesis brought about by high water deficits will 
result in reduced growth. This reduced growth also will affect the production 
of the photosynthetic surface for the next growing season, thus resulting in a 
still further reduction in growth. 
The use of relative turgidity and internal moisture stress in covariance 
analysis of all the dependent variables, substantiated these previous obser­
vations. By using relative turgidity, a measure of water content and cell 
turgor, as a covariate, numerous needle anatomical variable responses changed. 
This would indicate that cell water content or turgor affected the division, 
enlargement and distribution of needle cells. Internal moisture stress, a 
measure of water potential, affected only two anatomical variables as well as 
respiration and relative turgidity responses. Apparently water potential is 
more related to the biochemical processes of metabolism, such as respiration. 
The lack of response of relative turgidity to varying available soil moisture, 
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when internal moisture stress was used as a covariate, would indicate a 
causal relationship in which relative turgidity varied in response to changes 
in internal moisture stress. The effect of water potential on metabolic 
processes would result in changes in cell turgor and growth. 
In addition to the effects on water deficits, day temperature also 
directly affects the rates of metabolic processes. Lower temperatures tend 
to reduce physiological processes, while higher temperatures accelerate them. 
Physical processes, such as gas diffusion, usually are accelerated at a slower 
rate than are chemical processes. All of these inter-related factors cause 
variations in Scotch pine seedling survival. 
Day Temperature 
Photosynthesis and respiration 
Net photosynthesis was not affected by increasing day temperature. Gen­
erally, net photosynthesis responds more to other factors that are related to 
the photochemical process and the supply and movement of CO^. Under the con­
trolled environment conditions of this experiment, light intensity, CO^ 
supply and soil fertility were maintained at a near optimum level and there­
fore did not interact with day temperature to bring about significant varia­
tion in net photosynthetic responses. Even on a per seedling basis, no var­
iation was noted. Apparently, a sufficient supply of photosynthate was 
available to all seedlings over the day temperature range used, and translo­
cation and utilization of the photosynthate by the anabolic and catabolic 
processes, resulted in the variation noted in seedling size. 
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Gross photosynthesis per seedling did vary, but in direct response to 
the variation in dark respiration. As noted earlier, gross photosynthesis 
is the sum of net photosynthesis and dark respiration. 
By measuring photosynthesis at the same temperature at which the seed­
lings were grown no variation in the rates of photosynthesis between the dif­
ferent temperature treatments was noted. Because of the use of controlled 
environment growth chambers, treatment temperatures in each chamber were con­
stant at all times. This would suggest that seedlings developed rates of 
photosynthesis at the constant temperatures which were maximum for the condi­
tions present. These rates were the same at each temperature. Perhaps if 
each seedling were monitored at each of the four treatment temperatures the 
actual affect of temperature on photosynthetic rates could be observed. 
Dark respiration varied with day temperature. On a per seedling basis, 
respiration increased with increasing temperature to 25° C and then decreased. 
This response corresponds directly with the variation in dry weight produc­
tion and could thus account for the variation of dark respiration on a per 
seedling basis. On a per gram dry weight of needles basis, dark respiration 
increased over the whole temperature range. Dark respiration, per gram dry 
weight of needle, is temperature dependent. As might be expected, the in­
creased respiration in conjunction with other factors, is sufficient to re­
duce the photosynthate resulting in a decreased total amount of dry matter. 
One would assume that with a further increase in temperature, photosynthesis 
would be drastically reduced while respiration would continue to increase. 
The resulting combination of effects would be to produce still smaller seed­
lings and ultimately death of the seedlings. 
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pry weight 
Dry weight responses correspond to dark respiration responses. The 
balance between photosynthesis and respiration was optimized at 25° C day 
temperature. At cooler temperatures, lower anabolic and catabolic rates 
effected inefficient utilization of the photosynthate. Reduced translocation 
rates at cooler temperatures could account for a back-up in the photosynthetic 
mechanism as the day progressed. As a result, less photosynthate would be 
available at the meristems during night periods of maximum growth (Kramer, 
1957a; Hellmers, 1963» 1966a). At 25^ C, an optimum balance occurred among 
all processes involved. Above 25° C, the increased respiration, and possible 
reduction in enzyme systems efficiency of the protoplasm, probably resulted 
in utilization of the photosynthate before it could be translocated to the 
growing regions. At an even higher temperature, supply of food rather than 
translocation probably was the problem (Hewitt and Curtis, 1948). 
The Scotch pine seedlings of this study produced their optimum dry 
weights at a day-night temperature differential of 15° C and at 4-80 total 
daily degree hours (TDDH). The latter value is obtained by multiplying and 
summing the length of the day and night periods by their respective tempera­
tures. These values fall in the range of those found for other conifer 
species (Hellmers, 1962, 1966a). 
Distribution of assimilate 
No change in percent distribution of assimilate occurred with increasing 
day temperature. This would not support Kramer's suggestion that root growth 
was more sensitive to higher temperatures than other plant parts (Kramer, 
1957b). In fact, root growth in this experiment was maximized at the 25-
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decree day temperature, somewhat above the l8 to 19° C range suggested by 
Kramer. 
No increase in height growth or diameter was noted with increasing day 
temperature. This would contradict the observation of Mikola (1962) that 
height growth was determined by the temperature influence of the previous 
growth periods on the amount of needles formed. One then would expect in 
this study with two flushes of growth under specified temperature treatments, 
that a relationship between stem height and needle weight would exist, but 
no such relationship is evident. Jensen and Gatherum (1967) attribute in­
creases in height growth of Scotch pine seedlings to a change in the distri­
bution of assimilate, but again in this study, no such change was evident. 
Stem dry weight Increased but height, and diameter at the root collar did not. 
The conclusion must be drawn that a taper variation of the stem occurred among 
seedlings grown at different day temperatures. 
Water deficits 
'.Vater deficits increased rapidly as day temperature increased to 25° C, 
This would indicate larger daily absorption lags as a result of higher trans­
piration rates at the higher temperatures. This type of response was indi­
cated by both water deficit variables. Maximum dry weight production occurred 
at the highest water deficits. This would suggest that growth was occurring 
primarily at night when seedlings had approached soil-plant moisture equilib-
riun and were able to utilize the translocated photosynthate. The effect 
of the 25-degree day temperature on dry matter production overshadowed the 
high dadly water deficits at the corresponding temperature. 
The reduction in water deficits at 50-degree day temperature suggest 
stomatal closure and reduced transpiration. The reduced dry matter produced 
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at the same temperature probably resulted from utilization of photosynthate 
by hinh respiration rates before the photosynthate was translocated to expand­
ing meristems and not from water deficits. 
Needle anatomy 
Studies oc the effects of environmental factors on needle anatomy are 
rare. Zelawski, ^  (1968), has studied the effect of shade on morpholog­
ical variations of Scotch pine needles and found little change in total number 
of cells or in percent changes of cross-sectional areas for the various cell 
types. He states that Scotch pine needles, growing under shade, do not adapt 
morphologically to increase photosynthetic efficiency under low light. A 
questionable point that may be raised is the small number of replications 
used from which these conclusions were drawn. A relatively large amount of 
between-nssdle, within-tree variation seems to exist, thus requiring large 
samples to indicate trends. Few other studies are available that test the 
relationship of needle morphology to environmental factors. Thus the explan­
ations of observed adaptations may be little more than conjecture. 
Day temperature had no effect on the cross-secticnal area of the needle. 
Dry weight of the total needles of the seedling, and dry weight per needle 
varied with day temperature. A subsampling indicated that cell number in­
creased with increasing temperature while individual cell size remained 
relatively constant except between 25 and 50-degrees day temperature where 
cell size decreased. This would indicate a general condition in which, with 
increasing temperature, dry weight of the individual needle increased because 
of an increase in the number of constant sized cells. This further indicates 
that the intercellular spaces that might have existed at lower temperatures 
wore being filled with more cells. As temperature increases, CO^ solubility 
and diffusion increases; possibly, at the lower temperatures, more air spaces 
were present in response to the slower movement of CO^. Since photosynthesis 
on a per gram dry weight of needle basis did not vary over the temperature 
range, this type of adaptation might be effective. A reduction in the per­
cent of photosynthetic tissue with increasing temperature would indicate 
that, on a per cell basis, photosynthate production was more efficient as 
temperature increased to 25° C. At 15 and 30° C, the dry weight per needle 
devoted to photosynthesis was the sane. However, the percent of photosyn­
thetic tissue was much less at 30° C. The dry weight values for all components 
of the seedlings at these two temperatures were about equal. Fewer but 
somewhat larger cells and a greater percent of the needle devoted to photo­
synthesis at 15° C produced the same dry weight of seedlings as needles at 
30° C. The latter needles had; (1) greater numbers of cells that were con­
siderably smaller, and (2) more total area devoted to conducting tissue. 
Apparently, the factors of respiration. CO^ movement and efficiency of produc­
tion of a given photosynthetic mesophyll cell all were involved in the varying 
responses. 
V/hen cross-sectional area of the whole needle was used as a covariate 
in covariance analysis, the variation in cross-sectional area for total resin 
ducts, Center core and xyléB was significant. Total cross—sectional needle 
area apparently was masking the effect of day temperature on these variables. 
In addition, when relative turgidity was used as a covariate, the variation 
in cross-sectional area for vascular bundle and xylea was significant. Thus 
water content and cross-sectional area of the needle wore confounding the 
responses of the needle parts to day temperature as indicated by the variation 
in percent of photosynthetlc tissue. This variation in vascular cells and 
the variation in cell packing also seem to be responsible for much of the 
variation in utilization of photosynthates. 
With an increased proportion of needle devoted to vascular bundles, 
little change in percent of xylem to phloem within the vascular bundle 
occurred. A greater number of vascular cells per needle, in addition to more 
total needles per seedling, probably conducted larger amounts of photosyn­
thates and water for the increased growth of the seedling. At 25° C total 
seedling dry matter production was maximized. Above this temperature, a 
reduction occurred in seedling size and in percent of vascular bundle that 
was xylem. The number of xylem cells at 50° C was greater than at 25° C but 
the area per cell and thus the total percent of xylem in the vascular bundle 
decreased. A correlation between water supply and growth seems to exist. 
The reduced growth, in part, may have been caused by reduced water supplies 
to the needles because of less xj'lem. This could result in stomatal closure, 
increased respiration and use of available photosynthates at the production 
sites. The increased percent of vascular bundle that was phloem would sub­
stantiate the hypothesis that translocation of food stuff at higher tempera­
tures is not the problem. The problem might be increased respirational use 
of photosynthates correlated with the reduced water supply. 
The function of resin and thus resin ducts in trees is obscure (Kramer 
and Kozlowsld., I960); however, variation in resin and resin ducts with day 
temperature was evident. An increase in the resin supply from the needle 
probably occurred as the day temperature increased. This increase in resin 
excretion by the epithelial cells that line the canal on the inside of the 
sclercnchyma was most rapid between 20 and 25° C. Over this temperature 
ranc®» tho resin duct percentage of each needle increased. As day tempera­
ture increased, the number of resin ducts per cross-sectional area increased; 
and with this increase, each duct decreased in size. In addition, the number 
of cells again increased while the area of the individual cells decreased. 
The more numerous, smaller resin ducts occupied more total area and probably 
produced more resin. The metabolic value of this adaptation presently is 
obscure. 
Soil Moisture 
Water deficits 
Water deficits were closely related to available soil moisture. Water 
deficits in the seedlings decreased linearly with increasing available soil 
moisture. Under conditions of lower water deficits cell turgor increased 
with a resultant increase in cell division, cell enlargement and hydration of 
the protoplasm. All of these processes contributed to increased seedling 
size and metabolic activity. Discussion of the effects of soil moisture on 
seedling responses is based on the changes of water deficits with varying 
soil moisture. 
Photosynthesis and respiration 
Reduction of water deficits as a result of increasing the available 
soil moisture increased the rates of photosynthesis and respiration on a per 
seedling and on a per gram dry weight of needle basis. Increases would be 
expected over the whole range of soil moisture since increased soil moisture 
would result in increased daily periods of optimum cell hydration. Rates 
of photosynthesis and respiration increased most rapidly up to 75 percent 
available soil moisture and then leveled off. This value corresponds to an 
internal moisture stress of 8 bars. Apparently, at internal moisture 
stresses above 8 bars of pressure, photosynthesis is drastically reduced. 
At values above this stress, factors other than water deficits become more 
limiting to photosynthesis. The constant increase in respiration to 100 
percent available soil moisture indicates that the sensitivity of respira­
tion to water deficits does not vary with increasing soil moisture and that 
other factors were not more limiting. 
At low soil moisture levels, some authors have observed increased res­
piration rates (Brix, 1962). This increase has been explained as an increase 
in substrata caused by hydrolysis of starch to sugar (Kraaer, 1969). The 
higher respiration rates occurred in studies where water deficits were in­
creased rapidly. No increase in respiration at the lower soil moisture level 
was observed in this study probably because the respiration measurements 
were made shortly after the seedling had been removed from the dark mowing 
period. During this time, soil-plant moisture equilibrium had been approached, 
and translocation of sugars from the production sites had occurred. 
Dry weight and distribution of assimilate 
Seedling dry weights increased as available soil moisture increased. 
This response again is related directly to plant water deficits. Below 50 
percent available moisture, water deficits markedly limit cell enlargement 
and to a lesser extent cell division. Above 50 percent, water deficits arc 
less limiting, or other factors are more limiting, and growth response in­
creases are less rapid. 
Distribution of assimilate did not vary as available soil moisture in­
creased. This would indicate that photosynthate supply was equally available 
at the various mcristcms over the whole moisture range. 
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Helfiht and diameter increased as soil noisture increased, with diameter 
increases being more rapid. In addition to being sensitive to cell turgor 
conditions for enlargement of existing cells, the apical neristens are sensi­
tive to the environmental conditions of the previous growing season while 
stem cambium mainly is affected by environmental conditions of the present 
season. Thus height growth, in a sense, reflected the effects of two treat­
ment periods during each increment while stem diameter was affected only by 
the present season. 
Needle anatomy 
Available soil moisture had a pronounced effect on the cross-sectional 
area of the needle. All of the variables measured increased rapidly in size 
between 0 and 50 percent available soil moisture, indicating the limiting 
effect of soil moisture. Between 50 and 100 percent, small increases or 
leveling-off occurred in morphological size, thus indicating that maximum 
needle cross-section was attained around 50 percent available soil moisture 
or that other factors were more limiting. By using dry weight per gram of 
needles as a covariate in covariance analysis, the variation in cross-
sectional area of the variables was no longer significant. The use of cross-
sectional area of the needle as a covariate provided the same results. The 
proportional parts of the needle, expressed as percents, no longer varied 
significantly. Apparently size and weight of the needle were more directly 
responsible for the variations than soil moisture. This response could be 
expected in that soil moisture indirectly affects growth of seedlings through 
its effect on water deficits. The variations that occurred in needle morphol­
ogy may be the result of the effect of water deficits on the grams of dry 
needle weight and the cross-sectional area of needles produced. 
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The percent of photosynthetic tissue decreased linearly with increasing 
available soil moisture. The dry weight per needle increased from 0.0052 
grams at 0 percent to about 0.0100 grams at both 50 and 100 percent available 
soil moisture. The cross-sectional area of the whole needle and the center 
core showed the same trends. In addition, the cell size and number were low 
at 0 percent, the size was about the same at both 50 and 100 percent but the 
numbers were higher at 50 percent available soil moisture. On a per cell 
basis, the amount of photosynthate produced was greater at 100 percent avail­
able soil moisture. Further, with the decreased number but similar cell 
size, more air spaces may have been present at 100 percent available soil 
moisture. This characteristic would be expected under less xeromorphic con­
ditions. 
An interaction for percent photosynthetic tissue occurred at the low and 
high moisture levels at 50° C. For each soil moisture level a decrease in 
mesophyll tissue occurred as day temperature increased to 25° C. Between 25 
and 30° C the treatment combination means for 0 and 100 percent available 
soil moisture increased while at the 50 percent level the means continued to 
decrease. Using needle cross-sectional area and relative turgidity as co-
variates the interaction no longer existed. This would indicate that at the 
low moisture level, enlargement and differentiation of mesophyll was not as 
sensitive to reduced cell turgor as were other needle cells. At the higher 
moisture level, where turgor was not limiting, increased mesophyll proportion 
occurred in response to higher respiration rates. 
The tern photosynthetic efficiency (photosynthesis per gram dry weight 
of needles) has been used in the literature (Dykstra and Gatherum, 1967; 
Gatherum et al., 1967; Gordon and Gatherum, 1968, 1969; Schultz, 1965). 
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It has been suggested that photosynthetic efficiency is highest for smaller 
seedlings because a greater proportion of their needles was photosynthetic 
tissue. The present study supports the hypothesis that smaller seedlings have 
needles with a higher percent of photosynthetic tissue, but the photosynthesis 
curves for available soil moisture do not indicate that the smaller trees used 
more CO^ per gram dry weight of the needles. It seems that water deficits 
and needle morphology are closely related here. The low moisture levels vn.th 
the high water deficits showed reduced growth and reduced photosynthesis, 
but increased percent of photosynthetic tissue. Under conditions of increas­
ing moisture, the percent of photosynthetic tissue decreased but net photo­
synthesis and seedling size increased. More available moisture, increased 
proportions of conducting tissues and increased metabolic activities assoc­
iated with fully hydrated protoplasm, yielded greater amounts of dry matter 
on a per needle basis. This would indicate an increased photosynthetic 
efficiency as water deficits decreased not as percent of photosynthetic 
tissue increased. 
Soil moisture affected the distribution of xylem and phloem in the 
vascular bundle. The vascular bundle occupied an increased proportion of the 
needle with increasing available soil moisture. Of this proportion, the xy­
lem made up a continually increasing percent, until at 100 percent available 
moisture, the vascular bundle was equally occupied by xylem and pMoem-
This again might indicate a response to increased available soil moisture. 
In this case, the increase in proportion and total cross-sectional area of 
the xylem may have been in direct response to increased hydration of the bud 
primordia as a result of increased available soil moisture. The decrease in 
proportion of xylem at higher temperatures might indicate that bud primordia 
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are more sensitive to tenperature than to hydration at high day temperatures. 
The tenperature by moisture interactions would lend to this discussion since 
they occurred at the high temperature and low moisture combinations. This 
would further indicate that high temperature sind high water deficits affected 
the vascular cambium in such a way as to stimulate more production of phloem 
and less of xylem. The net effect is a variation in the moisture supply to 
the needle which affect the production and utilization of photosynthates. 
Total cross—sectional area of the resin ducts increased with increasing 
available soil moisture. Number of resin ducts also increased, resulting in 
more, but smaller resin ducts occupying a larger proportion of the needle. 
Increased resin production by the needles with increasing available soil 
moisture points to a possible relation between rapid metabolism and growth 
and increased resin production. The value of this increase again would re­
main obscure. 
The interactions for the cross-sectional areas of the total resin ducts 
and the total resin ducts canals as percents of the needle cross-sectional 
area occurred at the soil moisture extremes and low day temperature. Low 
temperature and liigh or low hydration of needle primordia seemed to reduce 
the percentage of the needle cror^-sectional area that was resin ducts. This 
could be related to larger r-edle cross-sectional area at the higher moisture 
level and a smaller cross-sectional area of the total resin ducts at the low 
moisture level. No variation in treatment combination means for resin ducts 
canals occurred over the whole temperature range indicating that at very low 
hydration levels, formation of needle resin duct canals, expressed as a per­
cent of the needle cross-sectional area, was not sensitive to day temperature 
variation. 
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The Interaction for the cross-sectional area of the mean resin duct 
sclerenchyma expressed as a percent of the cross-sectional area of the needle 
occurred at the higher day temperatures of 25 and 50 degrees. By usins needle 
cross-sectional area as a covariate the interaction and the soil moisture 
effect no longer varied. This mould indicate that size of the needle was 
more responsible than available soil moisture for the changes in distribution 
of the mean resin duct sclerenchyma. At the high temperatures all sizes of 
needles, however, had the same percentage of mean resin duct sclerenchyma 
implicating a high temperature ffect on resin duct sclerenchyma formation. 
This study has identified some of the relationships between the processes 
underlying production and soil moisture and day temperature. Soil moisture 
through its influence on water deficits and day temperature have been shown 
to directly influence the metabolic as well as the morphological processes of 
the seedling. These latter processes control the formation of wood in the 
seedling stem. More work needs to be done on the environmental affects on 
needle morphology. The information presented should help identify those 
environmental and genetic regimes that best meet the requirements for specific 
production goals for Scotch pine. 
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